Vestigial-like 1 (VGLL1) is a poorly characterized gene encoding a transcriptional co-activator structurally homologous to TAZ and YAP that modulates the Hippo pathway in Drosophila. In this study, we examined the expression of VGLL1 and its intronic miRNA, miR-934, in breast cancer. VGLL1 and miR-934 expression miRNA profiling was carried out on frozen samples of grade 3 invasive ductal carcinomas. VGLL1 protein was also examined in 433 sporadic and BRCA1-associated breast carcinomas on tissue microarrays. RNA-seq data from The Cancer Genome Atlas (TCGA) was used to confirm differences in VGLL1 and miR-934 expression in different breast cancer subtypes, and to correlate their expression with that of other genes and miRNAs. Of 28 miRNAs differentially expressed in estrogen receptor (ER)-positive and ER-negative grade 3 breast carcinomas, miR-934 was most strongly upregulated in ER-negative carcinomas, and its expression was correlated with that of VGLL1. Nuclear VGLL1 expression was observed in 13% of sporadic breast carcinomas, and while VGLL1 was only occasionally found in luminal A (0.70%) and B (5.60%) carcinomas, it was often expressed in HER2-positive (17%), triple-negative (TN) breast carcinomas (O40%) and BRCA1-associated TN carcinomas (O50%). These findings were confirmed in the TCGA dataset, which revealed positive associations with luminal progenitor genes (GABRP, SLC6A14, FOXC1, PROM1, and BBOX1) and strong negative correlations with ER-associated genes (ESR1, C6ORF211, GATA3, and FOXA1). Moreover, VGLL1 expression was associated with reduced overall survival. In conclusion, VGLL1 and miR-934 are mainly expressed in sporadic and BRCA1-associated TN basal-like breast carcinomas, and their coordinated expression, at least partially mediated by the direct modulation of ESR1, might be involved in the maintenance of a luminal progenitor phenotype. 
Introduction
Breast cancer is a heterogeneous disease characterized by marked variation in morphological appearance, molecular features, biological behavior, and therapeutic response. Based on the results of gene expression studies, breast carcinomas can be divided into different molecular subtypes with clinical relevance: luminal (A and B), HER2C, and basal-like breast cancer (Perou et al. 2000 , Sorlie et al. 2001 , 2003 . Although there is significant morphological and molecular heterogeneity among human basal-like breast cancers, most are high-grade, aneuploid, invasive carcinomas, which do not express estrogen receptor (ER) and/or progesterone receptor (PR), or HER2, and that frequently exhibit TP53 mutations (80%). Moreover, the loss of RB1 and BRCA1 are characteristic features in basal-like tumors (2012) . Although complete concordance is lacking, basal-like breast carcinomas are identified pathologically as triplenegative (TN) tumors (i.e. immunohistochemically negative for ER, PR, and HER2) that express some basal markers, such as basal cytokeratins (CK5/6, CK14, and CK17) and/or EGFR (Badve et al. 2011 , Toft & Cryns 2011 . Basal-like carcinomas have a worse prognosis compared with other breast tumor subtypes and cannot be treated using ER-or HER2-targeted therapies (reviewed in Toft & Cryns (2011) ).
During the course of an ongoing study into the pattern of miRNA expression in grade 3 invasive breast cancer, we observed marked overexpression of miR-934 in TN breast tumors. The function of this miRNA is unknown, but it is located in intron 4 of the vestigial-like 1 (VGLL1) gene. VGLL1 is a human protein that is related to the Drosophila transcriptional co-activator Vg. VGLL1, which is located on Xq26.3, was identified and isolated from a fetal heart cDNA library and named Tondu (TDU; Vaudin et al. 1999) . The homology between Vg and TDU is limited to a short domain of 26 amino acids that is essential for its interaction with TEADs (a family of transcriptional factors related to sd -scalloped -in Drosophila). Because Vg and TDU have few similarities, TDU is not considered to be orthologous to Vg, even though functional studies have shown that TDU can rescue Vg function, suggesting that these proteins can fulfill analogous functions (Vaudin et al. 1999) . In addition, given that TDU can interact with all TEADs, it seems that TDU is indeed a TEAD co-activator (Vaudin et al. 1999) .
Although the role of VGLL1 in both normal development and disease is unknown in mammals, some indication of the function of VGLL1 may be found by analyzing Vg, a transcription factor required for wing cell specification in flies. Non-wing cells are recruited after repression of the Hippo pathway, resulting in the nuclear accumulation of Yki (TAZ and YAP in mammals). Yki forms a complex with Sd (TEADs factors in mammals) that directly activates Vg, triggering the conversion of nonwing cells into wing cells. Interestingly, as Vg accumulates, it can substitute Yki as a Sd co-factor that drives Vg gene expression (Zecca & Struhl 2010) . It is not known whether similar relationships govern the development of mammalian tissues.
Structural and functional similarities were recently described between the VGLL1-TEAD complex and the complex formed by TEAD and YAP, demonstrating that VGLL1 acts as a specific TEAD co-activator in a manner similar to that of the oncogene YAP (Pobbati et al. 2012) . Through his TEAD-interaction domain, YAP enhances multiple processes known to be important for tumor progression and metastasis, including cell proliferation, transformation, migration, and invasion (Lamar et al. 2012) . Similarly, it was demonstrated that VGLL1-TEAD complexes promote anchorage-independent cell proliferation and the upregulation of specific proliferation genes in vitro, suggesting a role of VGLL1 in cancer initiation and/or progression (Pobbati et al. 2012) . However, no further in vitro or in vivo studies have specifically been analyzed for the role of VGLL1 in human cancer.
Based on the observed overexpression of miR-934 in TN breast cancer and the location of this miRNA in intron 4 of VGLL1 gene, we analyzed VGLL1 expression in a relatively large cohort of breast cancer patients. In this study, we describe the correlation between VGLL1 and miR-934 expression in breast cancer, and we demonstrate that VGLL1 nuclear protein is more frequently expressed in both sporadic and hereditary forms of TN basal-like breast carcinomas. Studies of several expression databases confirmed our observations and suggest an oncogenic role of VGLL1 in breast cancer.
Materials and methods

Human tumors
For miRNA and mRNA analyses, we obtained freshfrozen samples from 60 grade 3 invasive ductal carcinomas (IDCs): 37 ERC and 23 TN breast carcinomas (additional file 2, Supplementary Table 3 ). All samples, except the BRCA1-associated carcinomas (Palacios et al. 2005) , were obtained from the archives of the Department of Pathology, Hospital Virgen del Rocío, Sevilla (Spain). In addition to tumor samples, we used five non-neoplastic breast tissue samples to analyze the immunohistochemical expression pattern of VGLL1 in normal breast.
This study was performed in accordance with standard ethical procedures dictated by Spanish law (Ley de Investigació n Orgánica Biomédica, 14th July 2007) and was approved by the Ethics Committee of the Hospital Virgen del Rocío and the Fundació n Pú blica Andaluza para la Gestió n de la Investigació n en Salud de Sevilla (FISEVI), Spain. Written informed consent was obtained from all patients and all clinical analyses were conducted in accordance with the principles of the Helsinki Declaration.
Breast cancer cell lines
Human breast carcinoma cell lines with different phenotypes (MCF7, MCF10, T47D, BT474, SKBR3, MDA-MB-231, and BT459) were obtained from the American Tissue Culture Collection (ATCC, Manassas, VA, USA) and were cultured according to the indicated supplier conditions. The cells were maintained as monolayer cultures at 37 8C in an atmosphere with 5% CO 2 . Total RNA from breast carcinoma cell lines was extracted in triplicate from 90% confluent cells.
Expression of miRNAs and VGLL1 mRNA
Total RNA was extracted from human breast carcinoma cell lines and selected areas of frozen tissue containing O70% tumor cells using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) after having homogenized the tissue for 2 min in lysis buffer using an Ultra-turrax (T10 Basic, IKA, Staufen, Germany), following the manufacturer's protocol. The quantity and quality of the RNA isolated were measured using a NanoDrop ND-100 spectrophotometer (Thermo Scientific, Waltham, MA, USA).
The expression of 667 miRNAs was measured by quantitative real-time PCR (qRT-PCR) using customized TaqMan Human miRNA assays (Human MicroRNA card set v2.0, Applied Biosystems). To validate miR-934 expression, we used qRT-PCR with a TaqMan probe specific for the mature form of this miRNA (Applied Biosystems TaqMan MicroRNA Assays). Details of qRT-PCR have been previously described (Castilla et al. , 2012 and are provided as Supplementary information, see section on supplementary data given at the end of this article (additional file 1).
The significance of relative changes in miRNA and mRNA expression between different breast tumor types was determined using the Wilcoxon's rank-sum test, and the P values were corrected using the Benjamini-Hochberg algorithm (P!0.05). These analyses were performed with the Integromics RealTime StatMiner 4.2 Package (Integromics S.L., Granada, Spain), while SPSS (SPSS 17.0, Inc.) was used to perform the Pearson correlation analyses to determine the correlation between VGLL1 and miR-934 gene expression.
Expression of miR-934 and VGLL1 mRNA in The Cancer Genome Atlas dataset To validate our results, we used The Cancer Genome Atlas (TCGA) RNA-seq data from the subset of invasive breast carcinomas, which consists of over 500 breast tumor samples. We downloaded the files containing the per-million read count from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/findArchives.htm) and grouped tumors into subtypes according to the Pam50 signature (basal-like, HER2-enriched, luminal A, luminal B, and normal-like; Supplementary Table 4, see section on supplementary data given at the end of this article).
As no normal tissue match was sequenced for any of the tumors, we normalized the data to allow miRNA and gene samples to be compared (referred to hereafter as locus/loci). Normalization was based on the background expression of the corresponding sample. By using the median of the expressed loci (count O0) as the expression threshold for each sample, the fold-change in expression in the context of the tumor was obtained by dividing the value for each locus count by the sample threshold. We calculated the median expression for each locus in every subtype and for the global sample set. As the distribution of fold-change expression values was generally skewed (data not shown), the Kruskal-Wallis test was applied to determine differences between subtypes, followed by Mann-Whitney U and Wilcoxon's tests for subtype pairwise analyses. A Pearson's correlation was used to confirm the correlation between VGLL1 and miR-934 expression, as a linear relationship was expected between the two loci. However, a Spearman's correlation was used when interactions between other miRNAs and genes were analyzed, as a monotonic relationship was expected in these cases. Statistics were performed using in-house perl (http://www.perl.org/) scripts and R (http:// www.r-project.org/).
To determine whether a given miRNA could directly interact with a gene, we used data from the microRNA.org database (http://www.microrna.org/microrna/getDownloads.do) which contains published data and several available predictors (Dweep et al. 2011) . We evaluated three available predictors (miRNA.org values) considered to be the best tools for making predictions: conservation, energy, and mirSVR score. To determine whether our observations at the mRNA level had a measurable effect at the protein level, we obtained contrast results when compared with those data from the cBioPortal protein array (Cerami et al. 2012) , bearing in mind that these arrays contain a limited number of proteins.
In addition, CNA status was checked (Cerami et al. 2012) on 71 samples overexpressing VGLL1 to confirm or discard the association between increased number of copies of 200 kb region surrounding VGLL1 in chromosome X and overexpression of VGLL1 and miR-934.
TMA construction and IHC
Tissue sections from FFPE samples were stained with hematoxylin and eosin and representative areas were selected by three pathologists (J Palacios, M Á Castilla, and B Vieites) to obtain two 1 mm diameter tissue cores. Different TMAs were constructed with invasive breast carcinomas. IHC was carried out on TMA sections using the Envision method (Dako, Glostrup, Denmark) using primary antibodies against ER, PR, HER2, Ki-67, CK5/6, CK17, EGFR, CKIT, p63, CD3, CD20, and CD45. Myoepithelial staining of p63 was carried out to verify the diagnosis of ductal carcinoma in situ. CD3, CD20, and CD45 were used to identify intraepithelial and stromal lymphocytes. Details of the clones, suppliers, dilutions and scoring criteria used are provided in additional file 2 (Supplementary Table 5 , see section on supplementary data given at the end of this article). Details for microscope, camera, software, and conditions used to capture IHC images are provided as Supplementary information (additional file 1).
Based on recent recommendations (Goldhirsch et al. 2011) , breast carcinomas were classified into five IHCbased subtypes as follows: luminal A (ERC and/or PRC, HER2K, Ki-67 index !14%); luminal B/HER2K (ERC and/or PRC, HER2K, Ki-67 index R14%); luminal B/HER2C (ERC and/or PRC, HER2C); HER2 (ERK, PRK, and HER2C); and TN (ERK, PRK, and HER2K). TN breast carcinomas that expressed any basal cytokeratin and/or EGFR were termed TN-BL (basal-like), while all other TN breast carcinomas were termed TN-NOS (not otherwise specified).
VGLL1 protein expression was assessed by IHC using the Envision method (Dako) and VGLL1 rabbit polyclonal antibody (10124-2-AP, Proteintech, Chicago, IL, USA) at 1:50 dilution, after heat-induced retrieval step. Following provider's recommendation, we used prostate carcinomas as positive control.
Vgll1 IHC data and clinicopathological parameters were analyzed using the Pearson's c 2 cross-tabulation test.
The P value for the total effect of a factor was calculated from the (partial) likelihood ratio statistic. Analyses were performed with the JMP 8.0 Software Package (JMP Statistical Discovery Software, SAS Institute, Inc., Cary, NC, USA).
Immunofluorescence SKBR3 and MCF7 breast cancer cells were seeded on sterile coverslips, fixed with 4% paraformaldehyde/PBS, permeabilized with 0.1% Triton X-100/PBS, and blocked with 10% normal goat serum/PBS. Coverslips were incubated for 2 h at 37 8C with a rabbit polyclonal anti-VGLL1 (Proteintech; 1:50 in PBS-1% BSA), then with a goat anti-rabbit IgG Alexa-Fluor 488 (1:400 in PBS-1% BSA) for 1 h at 37 8C. After washing with PBS, the cells were counterstained with 10 mg/ml DAPI/PBS (10 min at 37 8C) and coverslips were mounted on slides with ProLong reagent (Life Technologies). The samples were observed and photographed using a Nikon Eclipse 90i fluorescence microscope equipped with Digital Sight DS-Qi1 camera and Nis-Elements BR imaging software (Nikon, Tokyo, Japan).
Survival analysis
Survival analysis was performed on a group of 212 invasive breast carcinoma patients for whom clinical data were available. The details concerning to therapy received are provided as Supplementary information (additional file 1).
The probabilities of overall survival (OS) and diseasefree survival (DFS) were estimated using the Kaplan-Meier method and survival differences determined by the logrank test. Univariate and multivariate analyses of OS and DFS were performed using the Cox proportional hazard model (SPSS 17.0, SPSS, Inc.). OS was defined as the period between the first diagnostic biopsy and death caused by breast cancer-related complications, and DFS as the period between the first diagnostic biopsy and the first local or distant recurrence/relapse.
Results
Expression of miR-934 and VGLL1 mRNA in grade 3 IDCs
We first investigated miRNAs that were differentially expressed between 22 ERC and 13 TN grade 3 fresh frozen IDCs. We examined a total of 667 miRNAs in these samples by quantitative RT-PCR using TaqMan miRNA arrays. Expression analysis revealed 28 miRNAs that were differentially expressed between the two groups (false discovery rate (FDR) !0.05), 14 miRNAs that were upregulated and 14 downregulated in TN breast carcinomas. In all cases, at least a twofold difference in expression was detected between the two groups (Table 2) .
Interestingly, we identified six upregulated miRNAs that were localized on chromosome X in TN IDCs (Table 2) , four of them being located in the Xq26-28 band (miR-934, miR-505, miR-505*, and miR-18b). The miR-934 was the most strongly upregulated miRNA in TN IDCs (61.5-fold increase with respect to ERC breast carcinomas). The large majority of TN IDCs analyzed expressed miR-934; however, this miRNA was detected in only two of the 22 grade 3 ERC IDCs, in which it was expressed at very low levels.
To validate the upregulation of miR-934 observed in TN IDCs, we analyzed a larger number of fresh-frozen tumor samples. In total, we analyzed 60 grade 3 IDCs by qRT-PCR using a TaqMan probe specific for miR-934, 37 ERC, and 23 TN IDCs. Consistent with our initial result, we observed a significant increase in the expression of miR-934 in TN as opposed to ERC IDCs (PZ0.013; Fig. 1a) .
As miR-934 is embedded in intron 4 of the VGLL1 gene, we investigated whether VGLL1 expression also varied between these subtypes of grade 3 IDCs. Analysis of VGLL1 mRNA expression by qRT-PCR revealed a marked increase in gene expression in TN (15.66-fold increase, PZ0.001) vs ERC IDCs (Fig. 1b) . Moreover, mRNA VGLL1 expression was directly correlated with miR-934 expression (Pearson's rZ0.611, P!0.001; Fig. 1c ).
Expression of miR-934 and VGLL1 in the TCGA dataset
The change in the expression observed in the RNA-seq data confirmed the differential expression of miR-934 and VGLL1 among breast cancer subtypes (additional file 2, Supplementary Table 6, see section on supplementary data given at the end of this article). Expression of VGLL1 and miR-934 was over 100 times higher in basal-like carcinomas than in all other subtypes. It should be noted that the expression values for both loci were close to 0 for HER2-enriched and luminal A and luminal B tumors, while they were close to twice the tumor background threshold in basal-like tumors. Pairwise analyses (additional file 2, Supplementary Table 7) revealed that the basal-like subtype differed significantly from HER2-enriched, luminal A, and luminal B subtypes. Pairwise results appeared to be biased for the normal-like subtype, probably due to the small number of tumors analyzed, and Xq11.22 miRNA*, miRNA expressed at low levels relative to the same miRNA in the opposite arm of a hairpin. The significance of the relative changes in miRNA expression between grade 3 breast tumors was determined using the Wilcoxon's rank-sum test. P values were corrected using the BenjaminiHochberg algorithm (P!0.05).
for the HER2-enriched, luminal A, and luminal B subtypes, probably due to their low levels of expression. There was a significant correlation between VGLL1 and miR-934 expression in this series (Pearson's rZ0.86, P!2.2! 10 K16 ), confirming our previous observations. It is important to highlight that none of the 71 samples overexpressing VGLL1 and miR-934 showed alterations in the number of copies of the region surrounding VGLL1.
To determine which genes are candidate targets to be regulated by miR-934 in breast cancer, we assessed the Spearman's correlation between miR-934 and all the genes enclosed in the dataset (not shown). VGLL1 was most strongly correlated with miR-934 (Table 3) , supporting the hypothesis of simultaneous transcription. Interestingly, ER (ESR1), FOXA1, and GATA3, which are thought to determine a luminal lineage (Perou et al. 2000 , Sorlie et al. 2001 , were among the top ten negatively correlated genes (Table 3 ). The predictions (microRNAs.org database) indicated that miR-934 may interact directly with the regulatory regions of ESR1, while there were no indications of direct interactions between this miRNA and the regulatory regions of FOXA1 and GATA3. Hence, the regulation of FOXA1 and GATA3 probably occurs indirectly through the inhibition of ESR1 expression and/or other transcription factors. To obtain further evidence to support this hypothesis, we analyzed two known regulators of ESR1: miR-18a and miR-18b (Liu et al. 2009 ; additional file 2, Supplementary Tables 8 and 9 , see section on supplementary data given at the end of this article). The similarities between these three miRNAs were clear, and although the correlation and conservation were higher for miR-934 than for both miR-18a and miR-18b, the mirSVR score was slightly lower in the case of miR-934. Indeed, the energy value for miR-934 was between that of miR-18a and miR-18b. These results suggest that miR-934 may directly regulate ESR1 in a similar way to which it is regulated by miR-18a and miR-18b (additional file 2, Supplementary Table 9 ). Moreover, protein array data revealed a significant decrease in ESR1 phosphorylation (PZ7.29!10 K25 ). We also investigated the correlation between VGLL1 and all dataset genes. Interestingly, we found a positive association with luminal progenitor genes (GABRP, SLC6A14, FOXC1, PROM1, and BBOX1) located between the top ten genes more strongly correlated with VGLL1 expression. On the other hand, we found a strong negative correlation between VGLL1 expression and ER-associated genes (ESR1, C6ORF211, GATA3, and FOXA1; Table 3 ).
VGLL1 protein expression in breast carcinomas
We first analyzed the expression pattern of VGLL1 in positive controls (prostate carcinomas) and normal breast tissues. Nuclear staining was observed in neoplastic epithelial cells in some prostate cancer samples. Nuclear staining was also detected in lymphocytes. In addition, weak cytoplasmic staining was also found in some neoplastic epithelial cells. In normal breast tissue, we did not observe VGLL1 nuclear expression in either epithelial nor myoepithelial cells. In contrast, we found nuclear expression in some intraepithelial and stromal lymphocytes, detected by CD45 and/or CD3, and/or CD20 immunostaining (additional file 3, Supplementary Fig. 1 , see section on supplementary data given at the end of this article). In addition, we analyzed a series of breast carcinoma cell lines representing luminal (MCF7 and T47D), HER2 (BT474 and SKBR3), and basal subtypes (MCF10, MDA-MB-231, and BT459) by qRT-PCR, and found that VGLL1 mRNA expression was only detected in SKBR3 and BT474 cell lines (additional file 3, Supplementary Fig. 2) . Our results were consistent with those reported by a previous study (Kao et al. 2009 
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BT459. We carried out immunofluorescence analysis of VGLL1 in MCF-7 (negative control) and SKBR3 (positive control) to evaluate the pattern of protein expression and demonstrated intense nuclear VGLL1 expression and weak cytoplasmic expression in SKBR3 cells ( Fig. 2A) . We examined the distribution of the VGLL1 protein in a total of 433 breast carcinomas by IHC carried out on TMA. Given that the only known function of VGLL1 reported to date is a transcriptional co-factor, we only evaluated its nuclear expression (Fig. 2B and C) . Tumors were considered positive if nuclear immunoreactivity was evident in O5% of tumor cells.
VGLL1 expression was observed in 46 of 349 invasive breast carcinomas (13.18%) and had no association with patient's age, tumor size, lymph node metastasis, or tumor stage (Table 1) . However, significant associations were detected between VGLL1 expression and histological grade, ER, PR, and KI67 expression, as well as with the basal CK (CK5/6 and/or CK17) and c-Kit levels. We found no association between VGLL1 expression and HER2 and EGFR status. Thus, VGLL1 expression was more frequent among grade 3 invasive carcinomas that were ER-and PR-negative, that had a proliferation index R14% and basal CK expression. Based on these observations, we investigated whether VGLL1 nuclear expression was associated with different molecular phenotypes, as defined in the St Gallen consensus (Goldhirsch et al. 2011) . VGLL1 was only occasionally expressed in luminal A (0.70%) and B (5.60%) tumors, but it was expressed in over 40% of TN breast carcinomas (27/67). Tumors that overexpressed HER2 exhibited similar frequencies of VGLL1 expression (17%) regardless of their ER expression. We then investigated whether there was a differential VGLL1 expression between TN breast carcinomas according to their expression of basal markers. Although the frequency of VGLL1 expression appeared to be higher in TN tumors with basal CKs and/or EGFR expression (45.70 vs 34.40%), this difference was not statistically significant.
To confirm these results, we analyzed two additional series, one composed of 70 TN sporadic breast carcinomas (additional file 2, Supplementary Table 2) and another of 14 BRCA1-associated carcinomas (including nine TN carcinomas) (additional file 2, Supplementary Table 3) . We found that VGLL1 was expressed in 28.5% of sporadic and 55.5% of BRCA1-associated TN carcinomas. Considering the three series of invasive breast carcinomas examined in this study, we analyzed a total of 155 TN breast carcinomas, 52 (33.5%) of which expressed VGLL1.
Metaplastic carcinoma is one specific histological type of TN breast carcinomas that expresses basal markers and that is characterized by the acquisition of an epithelial-to-mesenchymal phenotype (Sarrio et al. 2008 , Castilla et al. 2012 . Of the TN breast carcinomas analyzed in this study, 16 were metaplastic carcinomas and they all expressed basal CKs and/or EGFR, while 6 (37.5%) expressed VGLL1.
To determine whether VGLL1 was also expressed in the in situ component of invasive TN breast carcinomas (Fig. 2C) , we analyzed the VGLL1 expression in wholetissue sections from ten samples (five VGLL1-positive and five VGLL1-negative TN breast carcinomas), in which both in situ and invasive components were adjacent in single sections. In all cases, we observed the same profile of VGLL1 expression in both carcinoma components by IHC.
VGLL1 expression and prognosis
A Kaplan-Meier survival analysis of 212 infiltrating breast carcinoma revealed a correlation between VGLL1-positive expression and reduced OS. The follow-up period ranged from 1 to 77 months, and the mean OS was 70.33 months for VGLL1-negative patients and 37.04 months for VGLL1-positive patients (PZ0.0148; additional file 3, Supplementary Fig. 3 , see section on supplementary data given at the end of this article). In univariate Cox proportional hazard, analysis of OS VGLL1 expression was associated with adverse prognosis (Supplementary Table 10 ). Owing to the limited number of events, we selected the most significant variables for multivariate analysis. The association found between VGLL1 expression and poor prognosis is lost when adjusted for major prognostic factors. There were no significant differences in our cohort of patients on DFS rates between positive VGLL1 expression and negative VGLL1 expression (PZ0.067; additional file 2, Supplementary Table 10).
Discussion
In this study, we have specifically evaluated the expression of miR-934 and VGLL1 in breast cancer and for the first time, we demonstrate an association between their expression and a TN-BL phenotype. When we examined the differences in miRNA expression between different groups of highly aggressive breast carcinomas, we identified 28 miRNAs that were differentially expressed between grade 3 ERC/HER2K (comparable to luminal B carcinomas) and grade 3 TN IDCs. These findings were in line with the differential miRNA expression between luminal A and basal-like breast carcinomas found previously (Enerly et al. 2011) , where 26 differentially expressed miRNAs almost perfectly separated the 2 subgroups: 13 upregulated and 13 downregulated in basal-like carcinomas. Among these 26 miRNAs, there were 11 miRNAs (miR-934, miR-9-3p/-5p, miR-135b, miR18a/b, miR-190, miR-149, miR-29c/29c*, and miR-342-3p ) that were also differentially expressed in this study, and that may constitute the core miRNA signature of TN breast carcinomas.
The differential expression observed in our study demonstrates that TN breast carcinomas are characterized by the expression of miRNAs that downregulate ESR1 expression, such as let-7b (Zhao et al. 2011a ,b, Quesne et al. 2012 ) and miR-18a/b (Leivonen et al. 2009 , Liu et al. 2009 , Yoshimoto et al. 2011 . According to this observation, we found that miR-934 was the most significantly modulated miRNA in TN breast cancer, and confirmed this by our analyses of data from the TCGA database (2012). Interestingly, ESR1 and C6ORF211 were among the top ten genes most negatively correlated with miR-934 in the TCGA dataset. C6ORF211 is an open reading frame located immediately upstream of ESR1 and its expression is strongly correlated with ESR1 in several publicly available datasets, suggesting transcriptional co-activation (Dunbier et al. 2011) . Although the function of miR-934 has not been determined, it is likely to be involved in direct ESR1 modulation. Our in silico comparison between miR-934 and two proven ESR1 regulators, miR-18a and miR-18b, revealed significant similarities in terms of gene correlations, seed sequence conservation among species, mirSVR scores and energy values. Moreover, among 59 miRNAs that were identified that may target the ESR1 3 0 -UTR (using a luciferase reporter plasmid carrying the entire 3 0 -UTR of ESR1), miR-934 most strongly suppressed the luciferase signal (Xiong et al. 2010) . The significant modulation of miR-934 expression in TN breast carcinomas drew our attention to VGLL1 gene, as miR-934 is located in intron 4 of VGLL1. At present, the role of VGLL1 in cancer is unknown, although the oncogenic potential of VGLL1 has been demonstrated in one study reported by Pobbati et al. (2012) . As well as a structural and functional similarity between the VGLL1-TEAD complex and that formed by TEAD and YAP, it was also demonstrated that VGLL1-TEAD complexes promote anchorage-independent cell proliferation. In this study, we first demonstrated that VGLL1 mRNA was overexpressed in TN breast carcinomas as opposed to ERC grade 3 IDCs, and that its expression was correlated with that of miR-934, suggesting at least a partial co-regulation.
Through IHC, we demonstrated for the first time that nuclear expression of VGLL1 protein is associated with TN and basal-like phenotypes. A detailed analysis of several publicly available datasets revealed that VGLL1 expression is consistently associated with grade 3 breast carcinomas with a basal-like phenotype (van 't Veer et al. 2002 , Farmer et al. 2005 , Loi et al. 2007 , Lehmann et al. 2011 , Sabatier et al. 2011 , confirming our results. Moreover, in the TCGA dataset, VGLL1 was not only significantly upregulated in basal-like carcinomas with respect to other molecular subtypes but also, it was the gene most strongly correlated with miR-934, supporting the hypothesis of transcriptional coregulation. Although the mechanisms of miR-934/VGLL1 overexpression are at present unknown, the analysis of TCGA data excluded copy number variation as an important cause.
TN and basal-like breast carcinomas are morphologically and molecularly heterogeneous. A transcriptional analysis of 587 TN carcinomas reported VGLL1 overexpression in the basal-like 1 carcinoma subtype (Lehmann et al. 2011) . This subtype exhibited enhanced expression of cell cycle and DNA damage response genes, and representative cell lines of this group, identified as basal A, also expressed VGLL1 at higher levels (Kao et al. 2009 ). Interestingly, these cell lines exhibited an enhanced response to cisplatin and poly ADP ribose polymerase (PARP) inhibitors when compared with cell lines belonging to other TN subtypes.
Despite being a small sample size, our results suggest that VGLL1 upregulation is more frequent in TN BRCA1-associated breast carcinomas. Indeed, VGLL1 was one of the most strongly upregulated genes in ER-negative BRCA1-positive as opposed to ER-negative sporadic carcinomas (van 't Veer et al. 2002) . Moreover, cell lines derived from carriers of BRCA1 mutations are of the basal A/basal 1 subtype (Kao et al. 2009 , Lehmann et al. 2011 , characterized by VGLL1 overexpression. VGLL1 also appears to be a marker of luminal progenitor cells, the cells originating BRCA1-associated carcinomas, and a large number of sporadic basal-like carcinomas. Thus, VGLL1 was one of the genes in a luminal progenitor signature (Lim et al. 2009 ), along with 5 (GABRP, SLC6A14, FOXC1, PROM1, and BBOX1) of the ten genes that were most strongly correlated with VGLL1 in the TCGA dataset. Interestingly, GABRP, which was previously associated with basal-like breast carcinomas, was the most strongly correlated with VGLL1 in the TCGA dataset and it was one of the most strongly upregulated genes in the aforementioned luminal progenitor signature (Lim et al. 2009 ). Moreover, PROM1 (CD133), which is also correlated with VGLL1 in different datasets (Bertheau et al. 2007 , Kao et al. 2009 , is expressed in a subpopulation of cells with cancer stem cell properties in BRCA1-deficient mouse mammary tumors (Wright et al. 2008) .
A role of EZH2 and GATA3 in the maintenance of a luminal progenitor phenotype has recently been reported (Granit et al. 2012 ). Indeed, EZH2 was shown to promote a bi-lineage identity in basal-like breast cancer cells (Granit et al. 2012) , and luminal progenitor-associated genes, including VGLL1, were preferentially downregulated in EZH2-silenced cells and upregulated in EZH2-overexpressing cells. By contrast, GATA3, a driver of luminal differentiation, performs an opposite function to that of EZH2, suppressing bi-lineage identity and luminal-progenitor genes expression. Indeed, GATA3 levels increase upon EZH2 silencing, mediating a decrease in bi-lineage cell numbers (Granit et al. 2012) . Interestingly, the three genes with the greatest negative correlation with VGLL1 and miR-934 in the TCGA dataset were GATA3, ESR1, and FOXA1, which form a functional enhanceosome that regulates the genes driving core ERa functions and that co-operatively modulates the transcriptional networks previously ascribed to ERa alone (Kong et al. 2011) . Gain and loss of function in vitro studies are currently in progress in our group, using miR-934/VGLL1-negative (MCF7 and T47d) and VGLL1-positive (SKBR3 and MDA-MB-468) cell lines, respectively, that will confirm the suggested role of miR-934 in the modulation of ESR1 expression and the maintenance of a luminal progenitor phenotype.
In conclusions, we demonstrate for the first time that VGLL1, a transcriptional coactivator with structural similarities to TAZ and YAP, is mainly expressed in a subset of sporadic and BRCA1-associated TN basal-like breast carcinomas. An analysis of several publicly available datasets suggests that VGLL1 is preferentially expressed in tumors and breast cancer cell lines with luminal progenitor features, these exhibiting an enhanced response to cisplatin and PARP inhibitors. Moreover, VGLL1 expression was correlated with the expression of its intronic miRNA, miR-934, a potential direct modulator of ESR1 expression. Together, our findings indicate that the coordinated expression of VGLL1 and miR-934 may be involved in the maintenance of the luminal progenitor phenotype, at least in part mediated by their direct modulation of ESR1. These finding might be useful to select specific therapies among TN breast carcinomas.
Future studies should analyze whether or not tumors expressing VGLL1 might represent a subset of luminal progenitor-enriched breast carcinomas more sensible to specific treatment, such as PARP1 inhibitors and cisplatin.
